INTRODUCTION
============

Fatigue is classified into central and peripheral fatigue. The peripheral fatigue is caused by lactate accumulation through anaerobic glycolysis ([@b30-jer-15-6-751]). Lactate is one of the glycolytic pathway products originating via the action of lactate dehydrogenase on pyruvate, which is facilitated by the proton-linked monocarboxylate transporter (MCT) ([@b27-jer-15-6-751]).

MCTs are transporters of monocarboxylates such as lactate and pyruvate, which play a major role in lactate metabolism. MCTs constitute a family of 14 transporters and the first four members (MCT1--MCT4) carry single-carboxylate molecules across the biological membranes ([@b14-jer-15-6-751]). In skeletal muscle, MCT1 and MCT4 play an important role as lactate transporter involved in the regulation of lactate flux across the plasma membrane ([@b3-jer-15-6-751]). MCT1 is a high-affinity lactate transporter predominantly present in oxidative fibers, whereas MCT4 is a low-affinity lactate transporter in glycolytic fibers ([@b2-jer-15-6-751]).

Nitric oxide (NO) is synthesized from L-arginine molecular oxygen as substrate via the members of nitirc oxide synthase (NOS) ([@b4-jer-15-6-751]). Several isoforms of NOS exist and fall into three major classes: inducible NOS (iNOS), endothelial NOS (eNOS), and neuronal NOS (nNOS). Of these, nNOS is expressed in central nervous system and peripheral nervous system such as skeletal muscle, and lung epithelia ([@b11-jer-15-6-751]). nNOS is the major source of NO in skeletal muscle cells ([@b20-jer-15-6-751]; [@b26-jer-15-6-751]). Reduced nNOS exacerbates the fatigue after exercise ([@b17-jer-15-6-751]).

Sildenafil citrate is a potent and selective inhibitor of phosphodiesterase type-5 (PDE-5) to treat erectile dysfunction ([@b21-jer-15-6-751]). PDE-5 is highly expressed in smooth muscle, heart muscle and skeletal muscle ([@b6-jer-15-6-751]). The possibility that alteration of cyclic guanosine monophosphate (cGMP)-related PDE may represent a novel strategy for the improvement of exercise performance has been suggested ([@b19-jer-15-6-751]). Several studies suggested the effect of PDE-5 inhibitors on exercise performance ([@b15-jer-15-6-751]; [@b16-jer-15-6-751]; [@b18-jer-15-6-751]). Sildenafil citrate improved exercise capacity in subjects with cardiopulmonary disease or pulmonary hypertension ([@b16-jer-15-6-751]; [@b18-jer-15-6-751]) and in healthy subjects in hypoxia ([@b9-jer-15-6-751]; [@b15-jer-15-6-751]). PDE-5 inhibitor decreased activation of the hypothalamus-pituitary-adrenal axis during exercise by NO pathway ([@b7-jer-15-6-751]). Administration of the PDE-5 inhibitor sildenafil increased protein synthesis and reduced fatigue in human skeletal muscle ([@b24-jer-15-6-751]).

However, the effects of sildenafil on exercise performance in relation to peripheral fatigue remains controversial. Therefore, we investigated effects of sildenafil citrate treatment on peripheral fatigue and exercise performance after exhaustive swimming exercise in rats.

MATERIALS AND METHODS
=====================

Animals
-------

Adult male Sprague-Dawley rats (8 weeks old) were used in this experiment. The experimental procedure was performed in accordance with the animal care guidelines of the National Institutes of Health and the Korean Academy of Medical Sciences. The rats were randomly divided into four groups (n=10 in each group): the control group, the exhaustive exercise group, the exhaustive exercise and 20-mg/kg sildenafil citrate-treated group, and the exhaustive exercise and 40-mg/kg sildenafil citrate-treated group. The rats in the sildenafil citrate-treated groups received sildenafil citrate (Sigma Chemical Co., St. Louis, MO, USA) orally once a day for 14 consecutive days at respective dosage.

Exhaustive swimming exercise
----------------------------

On the 14 days after starting experiment, each animal was submitted to exhaustive swimming test with intensity equivalent to overload (a metal ring weight attached to the animal's torso) of 10% of the body weight ([@b8-jer-15-6-751]). The exhaustion was defined as a state in which coordinated movements did not return to the water surface for breathing within 10 sec.

Lactate analysis
----------------

Blood samples (5 μL) were collected from a cut at the tip of the tail after all-out swim exercise. Blood lactate concentrations were measured using portable lactate analyzer (KDK Corp., Kyoto, Japan).

Western blot analysis
---------------------

Western analysis was performed, according to the previously described method ([@b25-jer-15-6-751]). Dorsal raphe tissues were dissected. Sample tissues were stored at −70°C until analysis. The tissues were lysed in ice-cold lysate buffer containing 50 mM HEPES (pH, 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM magnesium chloride hexahydrate, 1 mM ethyleneglycol-bis-(β-aminoethyl ether)-N,N′-tetraacetic acid, 1 mM phenylmethylsulfonyl fluoride, 2-μg/mL leupeptin, 1-μg/mL pepstatin, 1 mM sodium orthovanadate, and 100 mM sodium fluoride, after which the mixture was incubated for 30 min at 4°C. The protein concentration was measured using a Bio-Rad colorimetric protein assay kit (Bio-Rad, Hercules, CA, USA). Protein of 30 μg was separated on sodium dodecyl sulfate-polyacrylamide gels and transferred onto a nitrocellulose membrane (Whatman, Clifton, NJ, USA). Mouse anti-β actin (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-MCT1 antibody (1:1,000; Santa Cruz Biotechnology), rabbit anti-MCT4 (1:1,000; Santa Cruz Biotechnology), and anti-mouse nNOS (1:1000; Santa Cruz Biotechnology) were used as a primary antibody. A horseradish peroxidase-conjugated anti-mouse secondary antibody was used for β-actin and nNOS, and an anti-rabbit secondary antibody was used for MCT1 and MCT4. Band detection was performed using the enhanced chemiluminescence detection system (Santa Cruz Biotechnology). The bands were quantified using an Image-Pro Plus computer-assisted image analysis system (Media Cybernetics Inc., Bethesda, MD, USA).

Statistical analysis
--------------------

Differences among the groups were evaluated using IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA) by the one-way analysis of variance followed by Duncan *post hoc* test. All values are expressed as the mean±standard error of the mean. Statistically significant differences were established at *P*\<0.05.

RESULTS
=======

Effect of sildenafil citrate on exhaustive swimming time
--------------------------------------------------------

Exhaustive swimming time is presented in [Fig. 1](#f1-jer-15-6-751){ref-type="fig"}. Exhaustive swimming time was increased in the exhaustive exercise and sildenafil citrate-treated groups than exhaustive swimming exercise group. The significant increasing effect on exhaustive swimming time appeared in the 20-mg/kg sildenafil citrate (*P*\<0.05).

Effect of sildenafil citrate on lactate concentration
-----------------------------------------------------

The lactate concentration is shown in [Fig. 2](#f2-jer-15-6-751){ref-type="fig"}. Exhaustive swimming exercise increased lactate concentration (*P*\<0.05) and that treatment with sildenafil citrate decreased lactate concentration in the exhaustive swimming exercise rats (*P*\<0.05). The significant suppressing effect appeared in the 20-mg/kg sildenafil citrate.

Effect of sildenafil citrate on MCT1 and MCT4 expressions in the gastrocnemius
------------------------------------------------------------------------------

The MCT1 and MCT4 expressions are shown in [Fig. 3](#f3-jer-15-6-751){ref-type="fig"}. Exhaustive swimming exercise increased MCT1 and MCT4 expressions in the gastrocnemius muscles (*P*\<0.05) and that treatment with sildenafil citrate showed higher MCT1 and MCT4 expressions in the exhaustive swimming exercise rats (*P*\<0.05). The significant enhancing effect appeared in the 20-mg/kg sildenafil citrate.

Effect of treadmill exercise on nNOS expression in the gastrocnemius muscles
----------------------------------------------------------------------------

The nNOS expression are shown in [Fig. 4](#f4-jer-15-6-751){ref-type="fig"}. Exhaustive swimming exercise decreased nNOS expression in the gastrocnemius muscles (*P*\<0.05) and that treatment with sildenafil citrate increased nNOS expressions in the exhaustive swimming exercise rats (*P*\<0.05). The significant enhancing effect appeared in the 20-mg/kg sildenafil citrate.

DISCUSSION
==========

PDE-5 inhibitors are known to improve exercise capacity in patients with systolic heart failure and secondary pulmonary hypertension in normoxia ([@b18-jer-15-6-751]) and to decrease pulmonary vascular resistance and increase maximum oxygen uptake or maximum workload in hypoxic normal subjects ([@b12-jer-15-6-751]; [@b22-jer-15-6-751]). Treatment of the muscular dystrophy mutant animals with the sildenafil improved exercise ability and reduced edema within the musculature ([@b17-jer-15-6-751]). [@b23-jer-15-6-751] found that acute treatment with PDE-5 inhibitor, tadalafil, improved glucose metabolism through the induction of anaerobic glycolysis with an accompanying decrease of aerobic metabolism. Weigh loaded forced swim test is the most commonly used screening test for antifatigue in animals. Decreased swimming time in weigh loaded forced swim test is reflected a reduction in muscular force or exhaustion of muscle contraction ([@b31-jer-15-6-751]). In the present study, treatment of 20-mg sildenafil citrate prolonged exhaustive swimming time. These results indicate that sildenafil citrate improved endurance exercise capacity.

Muscle fatigue in exercise performance is defined as exercise-induced decrease in maximal voluntary force or increasing lactate concentration ([@b28-jer-15-6-751]). Lactate appears to be an important source of systemic energy and plays an important role in the anaerobic exercise. Lactate concentration is regarded as the most important cause of muscle fatigue during exercise ([@b10-jer-15-6-751]). In the present study, swimming exercise increased lactate concentration in the blood and 20-mg sildenafil citrate alleviated the exhaustive swimming exercise-induced increase of lactate concentration in the blood.

In skeletal muscle, the most important isoforms are MCT1 and MCT4 ([@b3-jer-15-6-751]). Both MCT1 and MCT4 contents have been reported to be associated with net muscle lactate release during submaximal exercise ([@b3-jer-15-6-751]). Acute exercise has been shown to immediately increase MCT1 and MCT4 protein in rats ([@b5-jer-15-6-751]; [@b13-jer-15-6-751]). Greater MCT1 and MCT4 contents were associated with a reduction of blood lactate concentration ([@b29-jer-15-6-751]). In the present study, swimming exercise led to increased MCT1 and MCT4 expressions in the gastrocnemius muscles, and treatment with 20-mg sildenafil citrate further enhanced the expression of MCT1 and MCT4 compared to the untreated exercise group.

nNOS is also a critical regulator of skeletal muscle exercise performance ([@b20-jer-15-6-751]). The deficiency of nNOS may result in fatigue by impaired vasodilation, decreased muscle blood flow, and increased ROS level during exercise. nNOS-deficient muscles exhibit impaired hypertrophic growth, severe weakness, exaggerated fatigue, poor force recovery after exercise ([@b20-jer-15-6-751]). In addition, improvement of NO-cGMP signaling using PDE-5 inhibitor can reduce post-exercise muscle damage and enhance nNOS in mdx mice ([@b1-jer-15-6-751]; [@b17-jer-15-6-751]). In the present study, swimming exercise led to decreased nNOS expression in the gastrocnemius muscles, and treatment with 20-mg sildenafil citrate enhanced the expression of nNOS compared to the untreated exercise group.

These results may support sildenafil citrate as an ergogenic aid to improve exercise performance. Sildenafil citrate might be proposed as a potential ergogenic aid through antiperipheral fatigue.
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